The diploid Miscanthus sinensis "Shiozuka" which was selected as a high-biomass producing line, and the triploid M. × giganteus (M×G) were treated by ball milling (physical treatment) and alkaline hydrogen peroxide treatment (AHP; chemical treatment), and their structural sugar compositions and enzymatic digestibility were compared. The structural sugar content of Shiozuka was moderate and lower than that of M×G. The Klason lignin content of Shiozuka was also lower than that of M×G.
Introduction
The genus Miscathus including M. sinensis called "Susuki", and M. ×giganteus (M×G) (Hodkinson and Renvoize, 2001) , are considered to be the bioenergy crops because they are C4 plants that can fix CO 2 in high efficiency at low temperature, and less requirement of fertilizer for cultivation (Lewandowski et (Christian et al., 2008) . However, M×G has some limitations, for example, its poorly establishment in cold areas at high latitudes, increased risk of susceptibility to disease because it has only a single genotype and difficulty in breeding for improved characteristics owing to its triploid nature (Stewart et al., 2009 ).
On the other hand, M. sinensis, which is a parent diploid species of M×G, is widespread and has been used for biomass production, traditional houses and buildings, organic fertilizer, and livestock feed for centuries in Japan (Stewart et al., 2009 ), although these applications are very rare now. Recently, M. sinensis has attracted interest because it exhibits high productivity in cool regions, such as Hokkaido Prefecture in Japan, although the biomass production depends on the environmental conditions and genotypes. The selection and evaluation of M. sinensis as a bioenergy crop in cold areas has been previously performed and three wild grown populations (Matsumae, Akeno, and Shiozuka) were selected as high biomass potential lines (Anzoua et al., 2011 Cellulases are key enzymes in the biorefinery process based on sugar platform. The costs of cellulases including the purchase cost of commercial cellulases or their production cost, contribute to a large proportion of the total costs of biorefinery process such as the bioethanol production (Fujimoto et al., 2008) . On-site production of cellulases is considered to be a solution for reducing the cost of cellulases, including the purchase cost of and transportation costs for distribution (Fujimoto et In this study, the enzymatic digestibility of physically and chemically pretreated M.
sinensis Shiozuka and M×G were compared to uncover the possibility of using M.
sinensis Shiozuka as material for fermentable sugars, and to develop high efficiency pretreatment and saccharification of Miscanthus. The M. sinensis Shiozuka from wild populations grown in Japan, and M×G were cultivated in Sapporo in Japan, and harvested materials were used. The components of these samples were compared, and the ball milling (physical treatment) and alkaline-peroxide treatment (chemical treatment) of these samples were carried out and evaluated by enzymatic hydrolysis using commercial cellulase. Finally, a suitable enzyme was prepared for the enzymatic hydrolysis of Miscanthus by cultivating T. reesei and Penicillium pinophilum, which are cellulase-producing filamentous fungi.
Materials and Methods

M. sinensis Shiozuka and M×G
M. sinensis Shiozuka, which were selected for high biomass-potential from various wild populations (Anzoua et al., 2011) , and M×G were cultivated in Sapporo (43°04ʹ N, 141°20ʹ E), harvested in November 2011, and used for this study. The sample was manually cut to approximately 1 -2 cm, and pre-milled using ABSOLUTE3 (OSAKA CHEMICAL CO., Ltd., Osaka, Japan. Speed: High, VARIABLE: 0; 30 s). The premilled sample was air-dried at 60 ºC over night, and electrically sieved for 30 min, and materials that were 125-500 m in size were selected as the starting material for pretreatment.
Ball milling (physical pretreatment)
Approximately 3 g of the starting material and 118 g of stainless steel balls were placed into a stainless vessel and ball milled at 400 rpm (26.86 × g) for 5 -240 min in a freestar ball milling machine (Fritsch Japan Co., Yokohama, Japan).
AHP treatment (chemical pretreatment)
AHP treatment was performed using a modified method of previously published reports Table 1 . The treated sample was washed over night with flowing tap water, rinsed with distilled water, soaked in ethanol, and vacuum dried at 55 °C for more than 3 h. The solid recovery (SR) rate and weight loss (WL) of AHPtreated samples were calculated as equations (1) and (2), respectively.
where W a indicate the dry weight of a sample after AHP-treatment, and W b indicate the dry weight of the original sample
Preparation of cellulase enzymes
The following 2 strains were used for the production of cellulase enzymes: T. reesei ATCC 66589 (PC-3-7) was purchased from American Type Culture Collections, and P.
pinophilum (AB194281 in National Center for Biotechnology Information), which was 1×10 7 ) were inoculated into 10 mL medium in a 100-mL Erlenmeyer flask, and the flask was incubated with shaking at 200 rpm for 7 days at 30 °C. At the end of the incubation period, the culture was centrifuged at 9,000 rpm for 15 min, filtered through a sterile 0.45-m microfilter, and used for enzymatic hydrolysis. Cellulase activity in the culture filtrate was measured by the FPU assay (Ghose, 1987) , whereas the protein concentration was measured by the bicinchoninic acid protein assay by using the BCA protein assay kit (Thermo Scientific Co., MA, USA) based on the method described by Smith et al. (Smith et al., 1985) . The culture filtrate and commercial cellulase (Accellerase1500 [ACC1500]; Genencor Co., CA, USA) were diluted using 0.05 M citrate buffer based on the protein concentration, and were used for the enzymatic hydrolysis of pretreated Miscanthus samples.
Enzymatic hydrolysis of Miscanthus
Enzymatic hydrolysis was performed as described previously (Hideno et al., 2009 ).
ACC 1500 and the culture filtrate of T. reesei ATCC 66589 were used as the main enzymes. The culture filtrate of P. pinophilum was used as accessory enzyme to that of T. reesei. The total enzyme concentration was 40 mg protein/g substrate, and the mixed ratio of the main enzymes and accessory enzymes was 1:1 based on the amount of protein. The enzymatic reaction was performed at 45 °C for 72 h. The reaction mixture was centrifuged at 20,000 × g for 10 min, and the supernatant was diluted and applied to a high-performance liquid chromatography (HPLC, Jasco Co., Tokyo, Japan) system that was equipped with an HPX-87P column (7.8 mm ID, 30 cm length, Bio Rad, Hercules, USA) for sugar analysis. The column oven was set at 80 °C, and samples were eluted at 1 mL/min with water. The sugar yield was calculated using equation (3):
where a, b, and c indicate the amount of produced sugar (mg), dry weight of substrate a promising feedstock because it produced more biomass than other grasses, and it had low -lignin content, which would result in high enzymatic digestibility.
Enzymatic hydrolysis of physically pretreated Miscanthus
The enzymatic hydrolysis process of ball milled M. sinensis Shiozuka and M×G is shown in Fig. 1 . Both sugar yields of non-treated Shiozuka and M×G were low although their lignin contents were different. The glucose and xylose yields from Shiozuka gradually increased with a ball milling time, significantly increased more than 30 min of ball milling time, and plateaued with more than 60 min of ball milling. On the other hand, glucose and xylose yields from M×G were low with 30 min of ball milling, increased with more than 60 min of ball milling, and were similar to those of Shiozuka at 120 min of ball milling. Our result indicated that Shiozuka was more fragile and sensitive to physical treatment such as ball milling, and it was more easier to hydrolyze than M×G although the content of cellulose in M. sinensis was lower than that in M×G.
In other words, the results illustrated in Fig. 1 can be explained by the relatively lower level of lignin and the fewer crosslinks between lignin and polysaccharides in Shiozuka.
Shiozuka has the potential to be used as a resource for obtaining fermentable sugars with energy consumption lower than that of M×G, although the sugar contents in Shiozuka were slightly lower than those in M×G.
Composition of chemically pretreated Miscanthus
The relationship between the SR and the major components (glucose, xylose, and
Klason lignin content) of chemically treated Miscanthus is shown in Fig. 2 . AHP treatment was performed as a chemical pretreatment, and the same conditions were used same for both samples (Shiozuka and M×G). In many cases, the SR of Shiozuka was lower than that of M×G although the conditions of the AHP-treatment were the same.
There was negative correlation between the SR and glucose content derived from cellulose, whereas the lignin contents and SR had a positive correlation. The xylose had the optimum SR of approximately 80%. Sun et al. (2000) reported that the AHP treatment of rice straw enhanced the dissolution of hemicellulose with a large molecular size, which is rich in xylose. Our results showed that the main components of the soluble fraction of AHP-treated Miscanthus were lignin and xylan. Especially, the hemicellulose and lignin in Shiozuka were more easily decomposed by AHP treatment than those in M×G, and the cellulose content of AHP-treated Shiozuka was higher than that of M×G. It is easier to remove the lignin in Shiozuka than that in M×G by AHP treatment. Shiozuka was more sensitive to the chemical pretreatment and had higher cellulose content than that in M×G.
Enzymatic digestibility of chemically pretreated Miscanthus
The relationship between the Klason lignin content (%) and enzymatic digestibility of AHP-treated Miscanthus is shown in Fig. 3 . The enzymatic digestibility could be correlated with the total lignin content and the content of p-hydroxycinnamates. Yoshida et al. (2008) indicated that lignin is the most significant resistance factor during enzymatic hydrolysis of normal M. sinensis, and some lignin might bind strongly to cellulose in chemically pretreated M. sinensis using the sodium chlorite delignification method, which inhibits cellulase activity. Our data showed that increasing of delignification led to increasing glucose yield in the enzymatic hydrolysis of AHP-treated Miscanthus. However, the glucose yields of BMtreated Miscanthus were also high, although almost the entire lignin content remained.
Hence, we suggest that lignin does not cause the most significant resistance, and that the presence of some form of lignin cause the significant problem during enzymatic hydrolysis. Considering our data and those of previous studies, the lignin content that strongly binds to cellulose in Shiozuka may be less than that in M×G, irrespective of whether the strong binding is direct.
Enzymatic hydrolysis of AHP-treated
Miscanthus by self-prepared cellulase enzymes ACC1500 was used as the representative commercial cellulase in this study because it is a suitable enzyme for the hydrolysis of chemically pretreated lignocelluloses, such as organosolv-treated (Hideno et al., 2013) . The glucose yield of Shiozuka obtained using ACC1500 was higher than that of M×G, although the xylose and arabinose yields were almost similar (Fig. 4) . The on-site production or self-preparation of cellulases has been proposed as a cost-effective method (Fujimoto et al., 2008; Hideno et al., 2012) . The glucose yields of Shiozuka and M×G obtained using the enzyme from a culture of T.
reesei ATCC 66589 were similar and lower than those obtained using ACC1500;
however, relative higher yields of xylose and arabinose were obtained. Hemicellulase of ACC1500, such as xylanase and arabinofuranosidase are considered to be lower than those of the enzymes obtained from the culture of T. reesei ATCC 66589. ACC1500 may be prepared from genetically engineered T. reesei by using the upstream promoter region of xylanase and arabinofuranosidase. Using the enzyme isolated from a mixed culture of T. reesei ATCC 66589 and P. pinophilum that was isolated by soil (Hideno, 2005) , the glucose yields of both Shiozuka and M×G increased to the same value as was obtained using ACC1500. Moreover, the yields of xylose and arabinose were higher than those obtained using ACC1500, although the arabinose yields were slightly lower than those obtained using the T. reesei ATCC 66589 enzyme. Our results indicate that it was possible to obtain high enzymatic digestibility from not only AHP-treated Shiozuka but also AHP-treated M×G by using a mixed culture of T. reesei ATCC 66589 and P.
pinophilum as the cellulase enzyme. -glucosidase is one of the most widely reported synergistic effects of the cellobiohydrolase from T. reesei (Zhang et al., 2006) . Selig et al. reported that the addition of xylanolytic enzymes generally enhanced the performance of the cellobiohydrolase from T. reesei on pretreated biomass, and the xylan fraction more directly occluded the cellulose in pretreated lignocelluloses and showed higher cellulase activity (Selig et al., 2008 (Selig et al., , 2009 ). Furthermore, the addition of the xylanolytic enzyme and -glucosidase are very important for enhancing the performance of the cellobiohydrolase from T. reesei on the pretreated biomass. The specific xylanolytic enzyme in the T. reesei ATCC 66589 culture was higher than that in the ACC1500 commercial cellulase although the specific activity of the Filter degrading enzyme of ACC1500 was higher than that of the cultures. The specific activity of -glucosidase in the culture of P. pinophilum was higher than that in the T.
reesei ATCC 66589 culture. Moreover, the combination of the T. reesei ATCC 66589
and P. pinophilum cultures was suitable for enzymatic hydrolysis of AHP-treated
Miscanthus because xylanolytic enzymes and -glucosidase show synergistic effects on cellobiohydrolase.
Conclusion
To determine the efficiencies of pretreatment and enzymatic digestibility of Miscanthus, 
